This work presents detailed morphodynamics modelling of the bedform under variable discharges and simulates the conditions in which the bed of the river is flattened out in upper plane bed regime. This scenario is simulated by detailed hydrodynamics, sediment transport and morphodynamics models, which is an extension for the model developed by Nabi 1) . Several discharge hydrographs are examined here. In the first case, the discharge increase linearly, and then stay constant. We found that dunes are generated before the condition reaches the upper plane bed regime. As the flow condition fall in the upper plane bed regime, high frequency ripples generate and they flattened the bed out. As the discharge stay constant, the bed remains smooth with small high frequency ripples. Later, four different scenarios are simulated, in which the discharge decreases again after a certain period. It is observed that the bed regenerates again in the case the discharge decreases. The model shows its capability in simulating the flood wave events.
INTRODUCTION
The bed topography is a main factor determining flow resistance. It is therefore important to clarify the formation and dissipation mechanisms of dunes. Since transient phenomena like the formation and dissipation of sand waves occur during floods, it is necessary to clarify the effect of flow variations on the bed topography during floods.
Few experiments have been conducted to reproduce bedform evolution and transition processes under unsteady flow condition. Sawai 2) and Izumi et al. 3) performed laboratory experiments on transition processes from dunes to a flatbed. However, the experimental conditions considered did not lead to definitive conclusions. Sawai 2) , for instance, changed the experimental conditions by tilting the flume, instead of adjusting the discharge. This leads to dramatic decrease in water depth by increasing the bulk velocity, which is not realistic in nature. The experiments conducted by Izumi et al. 3) appear to be affected by ripples caused by very low flow velocities. Toyama et al. 4) conducted experiments to study the effect of flow variability on the bedform transition process. In these experiments, the discharge was varied stepwise, with a sudden change between consecutive discharge levels. Moreover, the experiments were conducted in a narrow flume, in order to enforce two-dimensional dunes. The abrupt change in discharge might have some additional effects on bedform evolution. The response of the bedform under the abrupt change (step hydrograph) cannot be generalized for bedforms under smooth hydrographs. Moreover, the side walls as well as the secondary flow had a significant effect on the bedforms. Recently, Nelson et al. 5) carried out laboratory experiments with only two discharge levels to replicate rising and falling flow stages, and used the experimental observations to validate the numerical model proposed by Shimizu et al. 6) .
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One of the most striking bedform transitions in response to an increasing flow intensity is the transition from a dune bed to a flat bed at high Froude numbers and/or high suspended sediment transport rates 5) (because of suppression of turbulence by high near-bed sediment concentration, especially in the flow-separation zone 7) ). As the flow intensity increases, bedforms decrease in amplitude and are eventually flattened out, resulting in a large decrease in form drag, hence in effective roughness. If the flow is subsequently decreased over the resulting flat bed, bedforms will reappear, but at a lower discharge than that at the time of bed flattening. This gives rise to another hysteresis effect in the stage-discharge relation during flood events 8),9) . Using the Giri and Shimizu's 10) model for bedform evolution, Shimizu et al. 6) were able to reproduce this behaviour. In the experimental study of Shimizu et al. 6) , the flume is narrow (10 cm) that two-dimensional dunes are enforced. Moreover, the Giri and Shimizu 10) model is calibrated by adjusting the step length, which reduces its predictive capability. Although this study confirms the capability of the model to describe two-dimensional bedform behaviour in time-varying flow, more advanced models are needed to predict this behaviour 5) . More recently, Hirai et al. 11) conducted experimental studies on responses of bed topography to temporal flow changes. To some extent, they were able to generate a flat-bed regime after the formation of dunes. The applied discharge hydrograph varied stepwise with increasing and decreasing phases. Although they were able to generate a flat bed, the bed was not reproduced again after decreasing the discharge. This paper describes a number of numerical experiments to test the capability of the present model in predicting bedform evolution under varying discharge, including the transition to a flat bed and back.
NUMERICAL METHODS
A detailed morphodynamics model, developed by Nabi 1) , is employed for simulation of the bedform under unsteady flows. The numerical model consists of three modules, describing hydrodynamics, sediment transport and morphodynamics. These three modules are coupled to simulate timedependent morphological processes in physicsbased way. Here we describe these modules briefly. For more details, we refer to Nabi 1) .
(1) Hydrodynamic Module This module consists of an eddy-resolving model of turbulent flow using computationally efficient techniques capable of simulating detailed hydrodynamics. Accurate prediction of bedform evolution and migration requires an accurate flow prediction, including coherent turbulence structures. This is achieved using Large Eddy Simulation (LES) solved by a finite-volume method combined with an isotropic multi-levels Cartesian grid. The governing equations for the fluid are the full three-dimensional Navier-Stokes equations for incompressible flow with the Boussinesq approximation invoked. These equations are given below in terms of volume filtered variables.
where x i are the coordinates, t is the time, P the modified pressure, ρ the density, i u the filtered velocity component in x i -direction, ν and ν t the molecular and turbulent viscosities and S ij is the resolved strain rate tensor:
Eqs. (1) and (2) are discretized using a staggered grid and their solution is advanced in time using the fractional step method. A ghost-cell immersedboundary technique is implemented for the cells which intersect the immersed boundaries. The grid can be locally refined and adapted to the actual bed topography.
(2) Sediment transport module
The motion of sediment generally consists of three stages: (1) the particles begin to move (pick-up), (2) they get transported (moving in the water column or sliding over the bed), and (3) are deposited at another locations. These stages are all governed by gravitational and flow-induced forces, which are all simulated using theoretical and empirical relations.
This module describes the motion of discrete particles. It involves modelling of sediment pickup, transport, deposition and sliding. The sediment transport is modelled in a Lagrangian framework and is based on new concepts that are best suited for relatively small spatial and temporal scales 1) . The sediment particles are modelled as small rigid spheres in the water. This approach gives a better insight into the physical transport phenomena and makes it possible to simulate details of the sediment motion, such as jumping, sliding and rolling.
A particle immersed in a fluid is subjected to the I_104 forces of gravity, and the fluid forces acting on it. The velocity of the individual sediment particle in the flow is calculated according to
v p represents the velocity of the sediment particle, u f is the fluid velocity at the particle location, C D is the drag coefficient, C L is the lift coefficient, d is the particle diameter, D/Dt = ∂/∂t+u., g is the gravity vector, V p is the particle volume and ρ and ρ s are the densities of the fluid and particle respectively 12) . The drag coefficient C D can be found using the formulas proposed by Morsi and Alexander 13) . The lift coefficient C L is a problematic issue, and it is very complicated to determine. There is limited knowledge regarding to the effect of solid boundaries on the particles. Moreover the velocity of fluid must be determined at the top and bottom of the particle. The size of particle is one or two order smaller than the grid cell, which makes the interpolated velocities on the top and bottom of the particle insignificant. Here we replace the term of lift force in Eq. (4) by the theoretical and experimental relations introduced by McLaughlin 14) and Mei 15) , which are given as 
Eq. (4) is solved using an implicit scheme to avoid instabilities. Each particle position is then calculated according to
xv until they deposit (or probably stay in suspension). The particles can have different behaviours when they interact with the bed. Schmeeckle et al. 17) have shown that the appropriate physical scaling of this problem is a collision Stokes number. When partially elastic collision occurs, the new velocities can be calculated as follows. Here v n and v t are the normal and tangential velocities respectively. The normal and tangential elastic coefficients α n and α t are set to the experimentally determined values of 0.65 and 1 17) . The sediment on the bed can be approximated by spherical particles lying in the form of layers. If the shear stress of the fluid on the bed exceeds a certain value, the particles begin to rotate and probably move from their position. In our model, the pickup rate formula proposed by De Ruiter 18) is incorporated to estimate the pickup rate.
where α is an empirical constant. The volume of sediment pick-up in a time interval Δt from an area S will be 1)
The number of particles pick-up can be determined by dividing the pick-up volume by the volume of a single particle
(3) Morphodynamics module
This module involves morphological modelling for bedform evolution (growth, decay and migration) by implementing the pickup and deposition of sediment resulting from the sediment transport module.
The bed of the river is approximated by a surface grid with equidistance Δx and Δz. The pickup rate of each cell on the bed is calculated according to Eq. (8) . The rate of deposition is calculated from the total number of particles n depos which deposit in the current bed-cell in time step Δt. The difference in the number of the particles in pickup and deposition for any portion on the bed, indicates the amount of mass added to or decreased from the current area (here cells). The change in level for each bed-cell after time step Δt can be determined as,   (10) where A 2 and A 3 are shape coefficients for spherical gains with two-and three-dimensional geometrical properties, namely π/4 and π/6 respectively.
NUMERICAL EXPERIMENTS
The numerical experiments concern a hypothetical flume of 2 m length, 1 m width and 0.4 m depth. To avoid side wall effects, the boundaries in spanwise directions are taken periodic. The boundaries in streamwise direction are also taken periodic and the flow is driven by a pressure gradient, such that the desired discharge hydrograph is achieved. In all simulations, a uniform sediment size of 400 μm is used. Table 1 shows the settings for the different model runs. Falling  R0  2000  8000  0  R1  2000  0  2000  R2  2000  1000  2000  R3  2000  2000  2000  R4 2000 3000 2000 Fig. 1 The path of the simulated cases in the rising and falling stages on the phase diagram. The red point indicates the maximum flow discharge.
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The starting point of all simulations is a flat bed under a relatively low discharge (0.12 m 3 /s). Once the flow has reached its statistically steady state, we turn on the sediment transport and morphodynamic modules, and increase the discharge linearly in a time span of 2000 s to its maximum value of 0.48 m 3 /s. Fig. 1 shows the path of these simulations in the rising flow stage in the phase diagram of Southard and Boguchwal 19) . The maximum discharge for these simulations lies in the upper plane bed regime. In the first simulation (R0), the discharge remains constant after reaching its maximum value. Fig. 2 shows the discharge hydrograph for this simulation. Fig. 3 shows the bedform evolution during the rising stage and the following constant discharge, at 500, 1500, 2200 and 5000 s after the start of the mobile-bed run. As the discharge increases, first dunes start to appear, and subsequently high-frequency ripples are generated on the stoss sides of the dunes. These ripples cause a wash-out of the dunes, towards the upper plane bed regime. Due to the time lag between the flow variations and the bed morphology, the bed needs time to adapt itself to that regime. After this transient stage, a flatbed is obtained. Fig. 4 shows the averaged dune height determined by the zero-crossing averaging technique 20) . The dunes grow in height in the rising stage, but start losing height slightly before the discharge maximum point is reached. This is because the point of maximum discharge falls inside the upper plane bed region in the Southard phase Fig. 2 The hydrograph applied for run R0. The maximum value of the discharge falls in the upper plane bed regime of phase diagram.
Fig. 3
Evolution and migration of dunes under variable discharge for run R0. As the hydrograph is in the rising stage, dunes are generated and continued to grow. When the flow reaches the upper plan bed regime, high frequency ripples are generated on the stoss of the dunes and they wash out the dunes.
diagram, which is reached already at a lower discharge (see Fig. 1 ). Fig. 5 shows the form drag coefficient c" f in the rising stage and after the discharge gets constant. As the dunes grow in the rising stage, the form drag coefficient increases. By decreasing the dune height the form drag starts to decrease. In the constant discharge, as the dunes are washed out, the form drag coefficient drops significantly with a factor of 3 to 6 approximately. The form drag does not reach to zero because of existing high frequency ripples which lead to a small fluctuating form drag. The high frequency ripples as well as the fluctuations in the turbulent flow lead to fluctuating form drag as it can be observed in Fig. 5 .
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Fig. 4 The average height of the dunes for run R0. In the rising stage, the height increases and in the transition stage, the height decreases and reaches to a flat bed. In order to study the bedform regeneration after flattening, we added a falling flow stage to the discharge hydrograph. Four numerical experiments R1, R2, R3 and R4 have been conducted, with the settings given in Table 1 . In case R1, the falling stage starts immediately after the rising flow stage, cases R2, R3 and R4 have a period of constant discharge in between. The durations of these periods are 1000, 2000 and 3000 s, respectively (Fig. 6) .
As an example, the bed topography in run R3 is shown in Fig. 7 . Similar to Fig. 3 the bedforms first grow and then disappear. In the falling stage, dunes begin to reappear. The regenerated dunes are higher than the dunes in the rising stage, because their generation starts under higher bed shear stress (from the maximum discharge). As the velocity gets smaller, the pick-up of sediment decreases and the dunes reach a steady state. Fig. 8 shows the average height of the dunes for runs R1, R2, R3 and R4. For case R1, the falling flow stage is immediately after the rising flow stage, hence the bed has no time to be flattened completely. Before the dunes are completely washed out, the regeneration of dunes in the falling flow stage begins. For runs R2, R3 and R4 the dunes are washed out and later on, in the falling flow stage, higher dunes reappear. The remaining bedform height during the plane bed regime in R2, R3 and R4 does not concern dunes, but rather a combination of bed curvature and some high-frequency ripples, which are not filtered by the zero-crossing method.
CONCLUSIONS
The development of dunes and the associated hydraulic roughness during extreme events such as floods is complex. This situation is simulated using different hydrograph forms, with combinations of increasing, constant and decreasing discharge. The peak discharge and the size of sediment are chosen in such a way that they fall in the upper plane regime on the phase diagram. Starting from a flat bed, the model generates growing dunes during the rising stage, but as the upper plane bed conditions are reached, the dune start losing height and ultimately disappear. As the discharge decreases again, dunes are regenerated in a realistic way. The form drag is shown to have a significant change during the flattening the bed. These cases simulate the river in high water stages and during the floods events. It is shown that the model can be used to extrapolate the existing knowledge on bedform behaviour to extreme flood events.
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Fig. 7
Evolution and migration of dunes under variable discharge for run R3. As the hydrograph is in the rising stage, dunes are generated. Under the constant discharge, the bed becomes flat and at the falling stage the dunes are generated again. 
